Background. Development of influenza drug resistance is an important problem in immunocompromised children that could result in treatment failure and viral transmission to others.
longed shedding of influenza viruses, oftentimes despite antiviral therapy [3] [4] [5] .
Two classes of antiviral agents have been used to control influenza infections, including the M2 ion channel blockers and the neuraminidase inhibitors (NAIs). The use of M2 blockers (amantadine and rimantadine), which are effective against influenza A viruses only, is associated with the rapid emergence of drug resistance mutations at codons 26, 27, 30, 31, or 34 of the M2 protein [6, 7] . In addition, natural resistance to M2 inhibitors has been increasing; 92.3% of influenza A/H3N2 viruses isolated in the United States during the period 2005-2006 harbored the M2 S31N resistance mutation [8] . Many recent human isolates of highly virulent A/H5N1 influenza viruses also express primary resistance to these drugs [9] [10] [11] . Amantadineresistant variants are genetically stable, are pathogenic, and can be transmitted from person to person [12, 13] .
Inhaled zanamivir and the orally bioavailable drug oseltamivir are the only 2 currently approved NAIs [14] . Other orally bioavailable NAIs, such as peramivir [15] and A-315675 [16] , are in various stages of development. Thus far, there have been only a few reports of influenza B viruses with reduced susceptibility to zanamivir [17, 18] . Oseltamivir-resistant strains have been infrequently detected in clinical trials, with an estimated frequency of 0.4%-1% and 4%-8% in adults and children, respectively, treated in an ambulatory setting [19, 20] . However, a higher incidence (up to 18%) of oseltamivir resistance has been recently reported in hospitalized Japanese children [21] . Oseltamivir-resistant strains have been shown to contain neuraminidase (NA) substitutions at residues 119, 292, and 294 in influenza A/H3N2 viruses [21] [22] [23] and at residue H274Y in influenza A/H1N1 and influenza A/H5N1 viruses [4, 22, 24, 25] . Emergence of multidrug-resistant influenza viruses has also been recently reported in immunocompromised patients [4, 23, 26] .
In this study, we report the molecular evolution of influenza A/H3N2 viruses associated with multidrug resistance over 1 year in an immunocompromised child. Infection with influenza A was diagnosed in April 2005 and progressed to a chronic pneumonitis of the lingula. She was initially treated with the recommended dose of oseltamivir (2 mg/kg/dose, 2 times daily [i.e., 24 mg, 2 times daily]) for 2 weeks, with some improvement. However, clinical symptoms reappeared and viral culture results became positive shortly thereafter, which led to long-term administration of oseltamivir for 3 months (figure 1). Because of the presence of nodules and infiltrates on chest tomodensitometry, a bronchoalveolar lavage was performed, and culture of the specimen was positive for influenza A and A. fumigatus on 16 August 2005, prompting a switch from oseltamivir to amantadine (30 mg 2 times daily) and then zanamivir (10-20 mg 2 times daily via a nebulizer). The patient also received liposomal amphotericin B and caspofungin followed by voriconazole suppressive therapy for aspergillosis. The patient and her family were vaccinated with the inactivated influenza vaccine on 1 November 2005. She received another infusion of stem cells in January 2006 because of poor immune reconstitution and persistent influenza virus infection. As of July 2006, the patient is still lymphopenic ( 9 800 ϫ 10 cells/L, mostly T cells) and has chronic skin graft-versus-host disease, which is treated with steroids (prednisone, 2.5 mg 2 times daily). She has mild chronic cough with no need for supplemental oxygen while receiving nebulized zanamivir. The results of her 3 most recent viral cultures (from June, July, and August 2006) have been negative for influenza.
MATERIALS AND METHODS

Patient
Viral isolates. Nasopharyngeal aspirates or bronchoalveolar lavage samples were tested for the presence of influenza viruses by viral culture on Madin-Darby canine kidney cells. A maximum of 3 passages were performed prior to phenotypic and genotypic analyses.
Sequence analyses of virus isolates. RNA was isolated from cell culture supernatants using the QIAamp Viral RNA kit (Qiagen), and complementary DNA (cDNA) was synthesized using random hexamer primers (Amersham Pharmacia Biotech) and the SuperScript II reverse transcriptase (GIBCO-BRL). Viral cDNA was amplified by PCR using the Pfu Turbo Polymerase (Stratagene) and NA-, hemagglutinin (HA)-, and M2-specific primers in standard conditions. Nucleotide sequences of PCR products were determined using an automated DNA sequencer (ABI Prism 377 DNA sequencer; Applied Biosystems).
Cloning of PCR products. To estimate the relative proportions of wild-type (WT) and mutant genes in some clinical isolates, PCR products were cloned by blunt-end ligation into the vector pBluescript II KS+ (Stratagene), and at least 8 recombinant plasmids carrying the genes of interest were randomly selected and subjected to sequence analysis. Selected influenza viruses were also plaque-purified once before sequence analysis.
Susceptibility assays. Madin-Darby canine kidney cells were inoculated with 80-100 plaque-forming units of virus per well in 6-well plates for conventional plaque reduction assays [27] . NA inhibition was assayed with 800-1200 fluorescence units of virus in presence of serial half-log dilutions (from 0.038 to 10540 nmol/L) of zanamivir, oseltamivir carboxylate (both synthesized at GlaxoSmithKline, Stevenage, United Kingdom), and peramivir/BCX-1812 (BioCryst). The methylumbelliferyl-N-acetylneuraminic acid (Sigma) was used as a fluorescent substrate [28] .
Hemagglutination and elution assays. Hemagglutination assays were performed in U-bottom microtiter plates using 50 mL of a 1% suspension of human RBCs and 50 mL of serial 2-fold dilutions of virus in phosphate-buffered saline. Plates were incubated for 1 h at 4ЊC. Hemagglutination-elution assays were performed in the absence or presence of 1 mmol/L of zanamivir as described elsewhere [29] . Expression of recombinant NA proteins. The NA gene of an influenza A/Sydney/5/97 H3N2-like virus was amplified by PCR with primers containing the A/WSN/33 H1N1 NA noncoding regions and the SapI restriction site, followed by ligation into the empty pPOLI-SapI-Rb plasmid as previously described [30] . The resulting pPOLI-NA N2 plasmid was used for incorporation of some NA mutations identified in the patient's clinical isolates using appropriate primers and the QuickChange Site-Directed Mutagenesis kit (Stratagene). For expression of recombinant NA proteins, 293T (human embryonic kidney) cells were cotransfected with 1 mg of each of the 4 expression plasmids (pCAGGS-PA, -PB1, -PB2, and -NP) of A/WSN/33 and the respective pPOLI-NA N2 plasmid. At 48 h after transfection, cells were treated with 0.02% ethylenediaminetetraacetic acid in phosphate-buffered saline and harvested. The cells were resuspended in phosphate-buffered saline containing 3.5 mmol/L CaCl 2 and stored at Ϫ80ЊC. Total proteins from transfected cells were quantified using the BCA protein assay (Pierce) and NA inhibition assays were performed as described above using an equivalent quantity of expressed proteins [31] .
RESULTS
Characterization of influenza isolates.
A total of 27 nasopharyngeal aspirates and 2 bronchoalveolar lavage samples were recovered from an immunocompromised child over 12 months. Among these samples, 17 influenza A isolates were obtained by cell culture (figure 1). Eleven clinical isolates selected from different periods were further subtyped by RT-PCR as A/H3N2 and then propagated in MadinϪDarby canine kidney cells before phenotypic and genotypic analysis (table 1) . Isolate 2, which was an A/California/7/2004-like strain, was recovered after 14 days of oseltamivir therapy. This isolate was susceptible to the drug in NA inhibition assay, with an IC 50 of 2.0 nmol/ L. A subsequent virus (isolate 7), which was recovered from a sample of bronchoalveolar lavage fluid after 38 days of cumulative oseltamivir treatment, had an oseltamivir IC 50 of 548 (table 1) . Isolate 22 recovered after 90 days of cumulative zanamivir treatment and 105 days after cessation of oseltamivir still showed an increased IC 50 for oseltamivir (926 nmol/L, a 463-fold increase) and no significant change for the other NAIs in NA inhibition assays. Also, susceptibility testing performed with a plaque reduction assay did not reveal a significant difference in zanamivir IC 50 between this isolate and the initial one (133 nmol/L and 156 nmol/L, respectively) whereas an oseltamivirresistant isolate (E119V) had a 1100-fold increase in oseltamivir IC 50 value compared with the susceptible isolate. Similarly, isolate 22 and the parental one did not elute human RBCs after an overnight incubation at 37ЊC in the presence or absence of zanamivir. The analysis of plaque-purified viral strains revealed the following NA mutations: E119V (100%), I222V (70%), V194I (30%), and T242I (100%); it also revealed 10 new HA substitutions (table 1) . None of these substitutions were part of the HA receptor binding site except S138A.
Isolate 24, recovered after 139 days of cumulative zanamivir therapy, had an IC 50 of 210 nmol/L (a 105-fold increase) for oseltamivir without significant change in susceptibility for zanamivir and peramivir. Genotypic analysis of 10 randomly selected individual plaques revealed the presence of the E119V mutation (100%), as well as the new NA mutations Y50F (100%), N71S (100%), and D309N (75%), whereas 2 new aa substitutions were found in the HA protein. The last positive clinical isolate studied (isolate 29), recovered after 212 days of cumulative zanamivir therapy and 233 days after the end of oseltamivir therapy, was now susceptible to oseltamivir (IC 50 , 0.88 nmol/L) as well as to zanamivir and peramivir. Genotypic analysis of 10 randomly selected individual plaques revealed 3 new NA substitutions (I215V [100%], N329T [100%], and S372L [100%]), in addition to the D309N change present in the previous isolate. Of note, the E119V mutation was no longer present. The HA gene contained 5 new aa substitutions not found in the previous isolate. Finally, the M2 S31N mutation associated with amantadine resistance remained present more than 133 days after drug cessation.
Characterization of recombinant NA mutant proteins. The NA activity of the recombinant NA mutant proteins expressed in 293 T cells varied from 60% (E119V) to 123% (I222V), compared with that of the WT NA protein (table 2) . The E119V mutant protein was 131 times more resistant to oseltamivir than the WT, whereas the I222V and E59G proteins had respectively modest and no increase in oseltamivir IC 50 values, respectively, compared with the WT. Interestingly, the presence of the E119V and I222V substitutions had synergistic effects on the oseltamivir resistance phenotype (a 293-fold change in IC 50 ), whereas the NA protein with the 3 changes (E119V, I222V, and E59G) had lower oseltamivir IC 50 values (188-fold) in agreement with the susceptibility profiles of isolates 13 and 7, respectively.
DISCUSSION
Antiviral therapy with either M2 blockers or NA inhibitors is thought to reduce the duration of viral shedding, the risk of progression to pneumonia, and, possibly, the mortality associated with influenza in immunocompromised hosts, although no clinical trials have been performed in these patients [1, 3, 32] . However, some of these individuals may develop sustained viral replication despite antiviral treatment, which is a risk factor for emergence of drug resistance [4, 26] .
In this study, we reported the recovery of many dual NA inhibitor-and M2 blocker-resistant mutants in an immunocompromised child who shed influenza A/H3N2 viruses for 1 year. Virus isolates from our immunocompromised patient had many changes in the NA gene, including substitutions and deletions. After ∼1 month of cumulative oseltamivir treatment, the patient shed a virus with the previously described E119V mutation, which is the most frequently reported A/H3N2 mutation conferring oseltamivir resistance. Also, as reported, this mutant remained susceptible to zanamivir and to the investigational drug peramivir [23, 26] . Importantly, this framework mutation persisted 17 months after cessation of oseltamivir treatment, indicating that NA mutation can be pathogenic and stable in the absence of drug pressure in immunocompromised subjects. As previously reported [21, 23] , quasi species of resistant and susceptible variants were present in our patient at some points. Indeed, a mixture of 2 variants at codon 119 was found in isolate 20, whereas the E119V mutation was transiently undetectable in 8 clones of isolate 21. This suggests that the presence of mixed viral populations may be underestimated with actual detection methods based on PCR and sequencing. Some oseltamivir-resistant isolates also contained other aa substitutions, such as E59G and I222V. Residue 59 is not a framework or catalytic residue within the viral protein [33] and is not known to confer resistance to oseltamivir. In contrast, residue I222 is a highly conserved framework residue among all influenza A and B viruses [33] . The I222V substitution has been reported to contribute to oseltamivir resistance in an A/ Texas/ 36/91 (H1N1) virus together with the H274Y mutation [34] . In that study, the single I222V mutant conferred a 2-fold change in oseltamivir susceptibility, whereas the double mutant (I222V and H274Y) was associated with a 11000-fold decrease in drug susceptibility. Our data that were obtained with recombinant mutant proteins also indicate a modest role in resistance for the single I222V mutation but a synergistic role when associated with the primary resistance mutation E119V. The E59G change could be a compensatory mutation, although this needs to be formally proven. The role of other unknown NA mutations in some of our patient's isolates is uncertain at present although they do not seem to have contributed significantly to the drug resistance phenotypes in addition to the E119V mutation.
Because of the progression of respiratory symptoms and persistently positive viral culture results, the treatment of our patient was switched from oseltamivir to amantadine and zanamivir. After only 5 days of amantadine therapy, a virus with a S31N substitution in the M2 gene was isolated. This mutation is the most frequently reported amantadine resistance mutation in influenza A/H3N2 viruses [5] [6] [7] 23] . The S31N mutation persisted for 1100 days after drug cessation. Recently, the S31N mutation has been frequently reported in both A/H3N2 and A/H5N1 isolates from untreated patients, highlighting the genetic stability and transmissibility of the M2 mutants [8] [9] [10] [11] [12] .
Interestingly, our patient continued to shed influenza virus while receiving zanamivir treatment despite the absence of detectable resistant viruses by NA inhibition assays. It has been shown, however, that HA mutations can confer resistance to NAIs in vitro [24, 35] , and we indeed found many HA mutations that occurred after 3 months of zanamivir. Although 2 of these mutations (V223I and S138A) are near or within the receptor binding site of the HA, our HA mutants exhibited no change in zanamivir susceptibility when tested by plaque-reduction or HA elution assays when compared with our patient's initial isolate. We hypothesize that persistent viral shedding while receiving zanamivir therapy could be explained by low penetration of the drug in the respiratory tract when it is nebulized. Indeed, the recommended mode of administration of zanamivir by an inhaler was not possible in our young patient. Because our patient had been vaccinated at the beginning of November 2005, it is also possible that new HA mutations could have appeared through some immunologic pressure following the development of antibodies. Finally, since the last isolate recovered in April 2006 did not contain the E119V mutation and had an almost complete set of new NA and HA mutations, it is also possible that some recombination of preexisting viruses or a new infection occurred. Indeed, the final isolate had a lower HA nucleotide identity than did the initial isolate (98% vs. 99.6%) with the vaccine strain A/California/7/2004. Among the limitations of our study, we note the potential selection of mutations following in vitro passages, the unreliability of plaque reduction assays performed with MadinϪDarby canine kidney cells, and the noncharacterization of HA mutations.
In conclusion, our study illustrates the rapid molecular evolution of influenza A viruses in immunocompromised patients and the potential for chronic viral infection with development of multidrug resistance. The long term persistence of viral mutations conferring drug resistance many months after cessation of oseltamivir and amantadine treatment and the difficulty encountered with zanamivir administration in severely ill patients reinforce the need to develop new antiviral compounds and innovative approaches [36] .
